Introduction

25
The challenges demanded by the European Union in the food packaging industry raise new 26 objectives among which are the sustainability of raw materials and minimization of waste, reduction 27 of energy consumption during the production process, minimization of environmental impact, 28 recyclability of packaging and littering reduction [1, 2] .
29
This combined with the fact that during the last decade the demand for healthy and fresh 30 products, especially fruits and vegetables, is gradually growing, in a context where eating and 31 consumption habits are constantly changing due to the lifestyle in society, makes other specific needs 32 appear in the packaging of food by the consumer, mainly related to the design and adaptability of 33 packaging [3] . Among these needs, others are added such as providing more nutritional information 34 on the packaging, greater food security and less risk to health [4] [5] [6] . Thus, there are studies that place 35 the packaging of the fresh product as the second reason for choosing a product where factors such as 36 comfort, appearance, transparency and texture must be considered [4] .
37
Thermoplastic polymers comply or can comply with all of these conditions, which is why they 38 have been chosen by manufacturers of different products as materials for their packaging [7] .
in constant development and consumption of different raw materials, China accounted for 24% of
48
PET plastic demand in 2016, and it is critical to understand the consumption needs of this type of 49 market when examining the prospects for global PET volume growth [11] .
50
In fact, the clear trend towards increasing the consumption of food that needs packaging carries 51 with the constant development of materials and techniques that improve the performance of this 52 service [12] . In short, it can be distinguished several aspects [13] : the improvement of the production 53 times, the reduction of the material and the improvement of its aesthetic and functional properties.
54
Thus, the fresh food packaging industry is interested in developing efficient and innovative 55 solutions to ensure the quality of the products taking into account their sustainability and 56 environmental sustainability [11] . For this reason, the design evaluation in the development of 57 sustainable products should include aspects related to the design, manufacture and use of the 58 packaging [14, 15] .
59
In this context, the packaging design process implies consideration of aspects associated with 60 cost, appearance, usability, manufacturing, sustainability, standards or competitiveness [14] . It
61
should be added that the manufacturing process selected for a product is directly related to the 62 aspects mentioned above, and in the case of food packaging one of most commonly used is 63 thermoforming process [16] .
64
Typically, previous research on the packaging design process in thermoforming, focus on 65 studying the moulds and materials used in the process [9, [17] [18] [19] . Also, recent research implements 
69
On the other hand, the packaging sector demands customized solutions in terms of shapes, sizes 70 and colours, so that the packaging is unique [21] . In turn, it is intended to pursue product 71 differentiation by means of sustainable products and new designs [22] . In such a way, it is also 72 possible to respond demographic changes and consumption habits [23] [24] [25] .
73
Thus, according to [26] , a packaging can be personalised in reference to the non-generic, making 74 a difference as to design, brand and/or size, among others. Stated differently, a container can be 75 designed specifically for that type of product. On the other hand, it can be understood that an adapted 76 packaging is the one that adapts itself to the inner shape and size of the product [26] .
77
However, despite the needs that were determined in previous research and after having 78 analysed the fresh food packaging which are currently commercialised on the market, it is observed 79 that the majority of them are standard and just a few includes customization in terms of forms [27] .
80
In addition, in these cases there is no adaptation to specific sizes according to calibres.
81
According to the reasoning presented, this research studies of the personalization and 82 adaptation in packaging design, through a case of study with apples, on the protection of the product 83 in order to provide designers with a tool for the packaging 4.0 generation. This is linked to the 84 sustainability of both the interior of the product and the material expense. The main objective of this 85 study is to validate the use of advanced technologies as part of the unconventional design of 86 packaging, increasing the sustainability and functionality of these products. A packaging can be 87 understood as personalized to the non-generic, being able to differentiate in terms of design, brand 88 and / or size among others, that is to say, a packaging designed specifically for that type of product. 
91
To carry out the experimental development, the apple has been used as the target product 92 because its size facilitates the obtaining of measurements, studying the adaptation to packaging 
105
Thus, the development of the concepts was carried out through the CAD software, Solidworks®.
106
As a result, the development of packaging design was simplified in time and has allowed to generate 107 more complex and personalized forms to the food.
108
On the other hand, the evaluation of the design proposals was validated through the generation 
134
One of the objectives of digitizing these elements, in spite of the normal variations of a natural 135 product, is to define the range of measures that present representative variations to be taken into 136 account in the design of the packaging. As a result, comparative tables were obtained and the 137 dimensional range was defined, which will serve to obtain the adaptation parameters on the design
138
of the packaging, which is the object of study.
139
Once the concept was generated, the design was developed in Solidworks® using the 10 scanned 
145
Then, when the final design was developed in Solidworks®, the relationship equations, defined 146 above, were introduced in order to evaluate the degree of adaptability through this type of digital 147 tools. Then, the variable measures of the packaging were defined to carry out the adaptation to the 148 two categories of size of apple studied, according to [28] .
149
Finally, the adaptability range of the design created for this practical case was established and,
150
in addition, the degree of adaptation of the dimensions obtained with each of the digitalized units for 151 the two calibres studied was evaluated. Figure 6 shows an example of the results obtained.
153
Figure 6. Example of the result of the adaptation parameters with respect to the digitized product.
154
The results obtained for the two calibres studied were evaluated through the creation of a 155 reliable physical prototype using FDM moulds for thermoforming the sheet. The prototypes
156
developed were used to validate the dimensions obtained by introducing physical apples. The units 6 of 18
Results
161
Virtual evaluation of digital elements
162
As described above, the study was conducted for two types of calibres, according to [28] . As 
167
From the results obtained from the study of the morphology of apples it is determined that the 168 dominant geometry in the plant has a slightly oval shape, therefore we can speak of major axis, L01,
169
and minor axis, L02, to name the maximum dimensions of the digitalized samples, seen in the plant.
170
It is worth mentioning again that L01 and L2 correspond to the average dimensions for the width 
181
As regards the height of the apple, parameters L03 and L04, the aim is to obtain as a result the 182 maximum height per calibre. In this case, the results obtained with greater value are L03 with a 183 dimensional interval between 77.7 mm and 88.16 mm.
184
As for size 2, Figure 8 b), the category of fruit has worse quality and the measurement intervals 
189
On the other hand, Figure 8 shows the mean data for the four parameters with the measurement 190 dispersion. In both cases, the measurements show a greater dispersion in the parameters L03 and L04
191
which corresponds to the height of the apples, being slightly higher for the apples of calibre 2. As for 
196
Analysing the data presented so far, it can be deduced that the size of the package of a calibre 
210
Although all apples are included in the same diameter, the plant shape is slightly oval, as 211 discussed in previous paragraphs. Thus, the linear dimension on the plant in one of the faces is lower 212 with respect to its perpendicular, L02 and L01 respectively. According to this, a dimensional 213 relationship, dr, was established for the diameter, according to equation 1:
215
Thus, from the data obtained in the 20 case studies corresponding to calibres 1 and 2, a 
219
It is important to bear in mind that these dimensions were studied at an experimental level. The 220 aim is to propose a method in which, using scanned elements, designs can be generated; to this end,
221
a coefficient has been proposed that can be applied to the dimension of a given calibre.
222
Analysing the dimensional results of the three-dimensional models of the scanned apples and 223 the measurements according to the norm, it was detected that a relief coefficient, Cd, can be defined
224
for the design of a packaging, which in this case study was established at 1.06. This coefficient was
225
determined from the observation of the maximum dimensions per calibre, according to the norm,
226
and the virtual dimensions studied. This coefficient will make it possible to ensure that the size of the
227
containers is adapted to all geometries included within a calibre. 
Where Cm is the maximum size and dm the width of the packaging. 
251
From the initial geometry extracted from the concept design of the apple, it was parameterized 252 according to a series of equations described below. 
Ht=H*0.43,
dn=dm*0.97,
Where Hb is the height of the bottom half of the designed packaging and Ht is the height of the 256 top half. In the same way the dimensions in plant of the container are given by the greater width, dm,
257
and the smaller width, dn. In this case study, an oval geometry has been created.
258
On the other hand, as mentioned above, the design created in this study consists of a series of 259 arches that are tangentially joined, in plan and profile, and a flat surface at the ends with a circular
260
shape. Then, the curves that define these geometries, Figure 10 , were also able to be related by means 
Rt=H*0.18,
db=dm*0.3,
dt=dm*0.45,
Rp=((dm+10))/2,
These equations define the radius of curvature of the upper part, Rt, and lower, Rp. In addition,
264
the adaptation of the dimension of the flat part, so that the packaging can be easily supported, is
265
given by the diameter in both halves of the container, db and dt, and was related to the parameter 266 dm. On the other hand, the radius Rp is the parameter that encompasses the overall geometry of the 267 container in plant, and the construction of the shape was constructed by sweeping through the 268 vertical curves given by Rb and Rt.
269
The rest of the tangent arcs that make up the packaging design are automatically adapted from 270 the curves generated with the above equations. 
274
Then, the generated equations were introduced in the parametric design software. The benefit 275 of the parametric design of a packaging is the customization of their geometry according to the need 276 of adaptation of the product to be contained. In addition, the design can be evaluated in real time by 277 means of the digitized fruit samples.
278
As a result, all construction operations such as rounds, sketches, etc. were related. The number
279
of operations obtained was a total of 12 for each of the parts of the container. As was commented,
280
these equations and variables serve to modify the geometry of an object quickly.
281
For the lower part, a relationship has been defined between the curves that make up the 282 container and therefore the mould, according to the equations defined in the previous section. These 283 equations were related to the sketches made in the parametric design program. In the same way, the 284 equations of the upper part have been parameterized.
285
In short, by modifying one of the measures, the packaging is automatically adapted. This is one 
293
(a) (b) Figure 11 . Example of maximum and minimum ratio between dm and H for H equal to 85 mm: a)
294
Maximum ratio being dm=137 mm; b) Minimum ratio being dm= 20 mm.
295
Also, if dm is kept constant at the top and bottom of the parametric packaging, Rt and Rb can be 
Evaluation of results
304
In order to analyse the viability of the coefficient obtained, Cd, using the 3D scanned fruit 305 models, the correct arrangement of the apple was evaluated with respect to the dimensions of the 306 packaging. Then, after analysing the dimensions with the configurations of the packaging, it was 307 observed that the Cd corresponds adequately, although the optimum height for each sample varies.
308
Bearing this in mind, it can be concluded that, depending on the design needs in the same calibre, 
314
On the other hand, if you want to generate a custom packaging for a unit is also possible. This 315 example could have multiple applications that can be extended to other types of products and food.
316
Thus, the final dimensions, which were adapted to the size obtained according to the Cd 
328
As stated above, the design was validated using the physical prototypes and 20 apples for each 329 calibre studied, Figure 13 . These apples were selected taking into account shapes and size variations,
330
and different breeds were included in the units studied. For more information see Appendix B.
331 332 Figure 13 . Images of the evaluation carried out with the prototype and commercial fruits.
333
Once the results were analysed, it can be said that the final solution obtained is positive as all 
337
This is not a functional problem for the design because these variations are given by the wide 338 range of measurements that are included within a calibre. Specifically, these dimensional deviations 339 are accentuated in calibre 2, which is a smaller calibre and comprises a larger range of measurements.
340
In the case of calibre 1, which belongs to category I according to [28] , lower dimensional deviations 341 are observed. However, the morphological inequalities between the different apple varieties are 342 increasing.
343
Means then that in this situation, personalisation and adaptation could be increased by reducing 344 the spectrum of fruit types that can be introduced in the same type of packaging. Therefore,
345
depending on the type of product to be packed, adaptation and personalization can be considered
346
with a greater degree of accuracy.
347
Discussion
348
The main idea of reverse engineering is to synthesize a fruit model so that they can be used and reduction of material that is so necessary in a strategic sector such as the food sector.
362
As noted above, much of the food waste is produced by using containers with large amounts of 
367
The application of digital elements in the design process were validated as part of the creation 368 of a method that includes advanced technologies in its procedure, as was researched in other fields
369
of engineering [36, 37] . In the study two main parameters were selected that relate to the functional 370 measures for the containers, the maximum height and width, to adapt a packaging to a given calibre.
371
However, the geometry of a fresh food is irregular so they made four measurements at the top and 
376
This study proposed a 3D scanning scheme for fresh food to support custom packaging design
377
[30]. Then, the three-dimensional model of the fruits approximates the real geometry. Thus, the 
383
which is capable of adapting to the measurements in a given range.
384
Based on these results, the computational design is aimed at the parameterization of designs to 
399
In accordance with the reasoning that was carried out, throughout this work it was possible to 400 prove that it is possible to make reliable prototypes using economic moulds built by additive 401 manufacturing. The similarity of the prototypes generated thanks to 3D printing and thermoforming
402
technologies evidences the possibility of creating prototypes that provide greater reliability in a 403 simple way. Then, the evaluation by means of these prototypes provides a reliable tool for the 404 validation of the mentioned designs. In short, it was proven that it is possible to thermoform 405 geometries with different shapes. Therefore, it is possible to obtain products with better performance Peer-reviewed version available at Materials 2019, 12, 467; doi:10.3390/ma12030467
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Conclusions
412
The following conclusions can be drawn from the research work carried out in this study:
413
It is possible to digitize fresh food by means of 3D scanning techniques, obtaining reliable digital 414 elements that can be used in advanced technologies. In this sense, it was possible to define a 415 procedure for the reverse engineering of different types of food, detailing the specific parameters 416 according to size and finish.
417
It was possible to use the digitized fruits during the conceptual phase in the packaging design 418 process. Thus, custom designs were developed using these elements as a reference during computer-
419
aided design, thus validating the proposed methodology. In addition, the evaluation of the ideas 420 generated was also favoured by the possibility of checking dimensions in real time using these digital 421 products. On the other hand, the adaptation according to the specifications required by a specific 422 product is also improved. Therefore, it can be said that the application of 3D fruits facilitates the 423 development of customized and adapted designs.
424
It is possible to completely parameterize the geometry of the package to create custom designs 425 and, in turn, automatically adaptable. In short, the creation of a packaging, fully defined by equations,
426
is able to adapt to measurements in a given range. The parameterized design was made possible by 427 means of the virtual evaluation of digitized fruits. 
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